ABSTRACT Members of the bacterial and mitochondrial iron-sulfur cluster (ISC) assembly machinery include the so-called A-type ISC proteins, which support the assembly of a subset of Fe/S apoproteins. The human genome encodes two A-type proteins, termed ISCA1 and ISCA2, which are related to Saccharomyces cerevisiae Isa1 and Isa2, respectively. An additional protein, Iba57, physically interacts with Isa1 and Isa2 in yeast. To test the cellular role of human ISCA1, ISCA2, and IBA57, HeLa cells were depleted for any of these proteins by RNA interference technology. Depleted cells contained massively swollen and enlarged mitochondria that were virtually devoid of cristae membranes, demonstrating the importance of these proteins for mitochondrial biogenesis. The activities of mitochondrial [4Fe-4S] proteins, including aconitase, respiratory complex I, and lipoic acid synthase, were diminished following depletion of the three proteins. In contrast, the mitochondrial [2Fe-2S] enzyme ferrochelatase and cellular heme content were unaffected. We further provide evidence against a localization and direct Fe/S protein maturation function of ISCA1 and ISCA2 in the cytosol. Taken together, our data suggest that ISCA1, ISCA2, and IBA57 are specifically involved in the maturation of mitochondrial [4Fe-4S] proteins functioning late in the ISC assembly pathway.
INTRODUCTION
Owing to the ancient character (Huber et al., 2003) of Fe/S clusters, homologues to the bacterial proteins dedicated to the formation of these cofactors are found in mitochondria of eukaryotes. In humans, Fe/S protein biogenesis (reviewed in Rouault and Tong, 2008, and Sheftel et al., 2010a) is initiated in the mitochondria with the removal of sulfur from cysteine by the pyridoxal phosphate-dependent cysteine desulfurase complex Nfs1-Isd11. The persulfide intermediate must be further reduced to sulfide, which is probably accomplished through a ferredoxin electron transport system comprising ferredoxin reductase and ferredoxin 2 (Sheftel et al., 2010b) . Sulfide is then combined to form a [2Fe-2S] cluster with ferrous iron (Fe 2+ ) on the scaffold protein IscU (Tong and Rouault, 2006) . The molecular progression of nascent cluster transfer from IscU to target apoproteins has not been fully elucidated. However, the initial steps in this transfer require an Hsp70-based chaperone system (Knight et al., 1998; Uhrigshardt et al., 2010) and the monothiol Grx5 (RodriguezManzaneque et al., 2002; . Components involved in the later dissemination of de novo assembled clusters to specific apoproteins are only beginning to be characterized.
Among other components of Fe/S protein assembly, the isc and suf operons of bacteria encode the so-called A-type iron-sulfur cluster (ISC) proteins IscA and SufA, respectively, which are involved in the maturation of bacterial [4Fe-4S] proteins (Johnson et al., 2005; Tan et al., 2009 ). An additional member of this family, ErpA, is specifically involved in isoprenoid biosynthesis (Loiseau et al., 2007) . The molecular function of these proteins in Fe/S biogenesis has only been partially resolved, and some differing views have been proposed. Several reports suggest the A-type ISC proteins act as alternative scaffolds for de novo Fe/S cluster synthesis (Krebs et al., 2001; Ollagnier-de-Choudens et al., 2001; Gupta et al., 2009) 
, whereas
In an in silico gene expression analysis screen for human and mouse genes affecting heme biosynthesis, Nilsson et al. (2009) identified IBA57 and ISCA1, raising the question of whether these proteins function in heme biosynthesis or Fe/S cluster biogenesis. Targeted knockdown of these genes in zebrafish resulted in anemia. Of interest, previous studies demonstrated that deficiencies in two proteins of Fe/S protein biogenesis, ABCB7 (Allikmets et al., 1999) and GLRX5 (Wingert et al., 2005; Camaschella et al., 2007) , can result in erythropoietic defects, indicating a connection between Fe/S protein synthesis and hemoglobin production. Because both these processes are relevant for several human diseases (Sheftel et al., 2010a; Ye and Rouault, 2010b) , we attempted to better understand the physiological function of human ISCA1, ISCA2, and IBA57. We examined whether these proteins are directly involved in mitochondrial and cytosolic Fe/S protein biogenesis and/or in heme synthesis. Localization studies in HeLa cells identified these proteins in mitochondria. ISCA1 and ISCA2 were found to be required for the maturation of all tested mitochondrial [4Fe-4S] proteins, including the radical SAM enzyme lipoic acid synthase, whereas the [2Fe-2S] protein ferrochelatase and heme biosynthesis were unaffected. Cells deficient in IBA57 exhibited a similar phenotype to ISCA1-or ISCA2-depleted cells. Thus our study identifies these three proteins as members of the mitochondrial ISC assembly machinery. They perform a specific task late in the biosynthetic pathway of mitochondrial [4Fe-4S] proteins.
RESULTS

ISCA1, ISCA2, and IBA57 are localized to mitochondria
To determine the subcellular localization of ISCA1, ISCA2, and IBA57, specific antibodies were raised in rabbits. HeLa cells were fractionated by lysis with digitonin into a membrane pellet containing mitochondria and a cytosolic supernatant. Immunoblotting identified all three ISC proteins exclusively in the membrane pellet ( Figure 1A , lane M). The alpha and beta subunits of mitochondrial F 1 ATP synthase (F 1 α/β) and cytosolic tubulin served as markers for efficient fractionation. To further corroborate these localization data by an alternative experimental approach, we cotransfected HeLa cells with plasmids encoding C-terminally enhanced green fluorescent protein (EGFP)-tagged versions of ISCA1 (psmISCA1-GFP), ISCA2 (psmISCA2-GFP), or IBA57 (pcIBA57-GFP). As a control, a construct encoding mitochondria-targeted dsRed protein (pDsRed2-Mito) was cotransfected. In the cases of ISCA1 and IBA57, a vast majority of the green fluorescence was seen in mitochondria, colocalizing with the dsRed signal ( Figure 1B ). In contrast, smISCA2-GFP was present throughout the cells. This result is contradictory to the immunoblotting data and is likely due to a mislocalization of the protein due to either overexpression and/or GFP tagging. In support of this idea, when immunoblots from cells overexpressing psmISCA2-GFP were analyzed, a more slowly migrating band, probably representing the unprocessed precursor form of ISCA2-GFP, was present in cytosolic fractions (see discussion and Figure 3B , lane others show that these proteins can bind iron with high affinity and may deliver the metal to the IscU scaffold (Ding and Clark, 2004; Ding et al., 2005; Wang et al., 2010; Lu et al., 2010) .
Eukaryotes contain two A-type ISC proteins with conserved features in their primary structure, yet studies in yeast show that they perform nonredundant functions essential for respiratory growth (Jensen and Culotta, 2000; Kaut et al., 2000; Pelzer et al., 2000; Mühlenhoff et al., 2011) . Only yeast Isa1, but not Isa2, can be replaced by the bacterial A-type ISC proteins. Yeast Isa1 and Isa2 are required for efficient maturation of the Fe/S proteins aconitase and succinate dehydrogenase (SDH). In addition, both of these proteins have been suggested to function in maintaining the activity of the radical SAM enzyme biotin synthase, even though they are dispensable for the incorporation of Fe/S clusters into the enzyme (Mühlenhoff et al., 2007) . The human genome contains the Isa1 and Isa2 relatives ISCA1 and ISCA2, respectively. ISCA1 was recently shown to interact with IOP1 (also known as NARFL, the homologue to yeast Nar1) in a yeast two-hybrid screen (Song et al., 2009) . Consequently, the same study implicated ISCA1 not only in mitochondrial, but also in cytosolic Fe/S protein production by showing a decrease in cytosolic aconitase (cAco; also known as iron-regulatory protein 1 [IRP1]) upon RNA interference (RNAi)-mediated ISCA1 depletion. In contrast, Isa1 and Isa2 from Trypanosoma brucei were recently shown to be required for the assembly of Fe/S clusters in mitochondrial but not cytosolic Fe/S proteins (Long et al., 2011) . Yeast Isa1 and Isa2 function in concert with Iba57, which physically interacts with them (Gelling et al., 2008) . Yeast cells depleted or devoid of Iba57 show virtually the same growth phenotypes and functional defects in Fe/S proteins as Isa1-or Isa2-deficient cells (Gelling et al., 2008) . Furthermore, Escherichia coli cells devoid of an Iba57-related protein display defects in a subset of Fe/S proteins (Waller et al., 2010) . FIGURE 1: ISCA1, ISCA2, and IBA57 are localized to mitochondria. (A) HeLa cells were treated with digitonin and centrifuged at 15,000 × g to separate the cell lysate (L) into a membrane fraction containing mitochondria (M) and a cytosolic fraction (C). Localization of ISCA1, ISCA2, and IBA57 was analyzed by immunoblotting using antibodies raised against the respective proteins. Antibodies recognizing the α and β subunits of F 1 -ATP synthase (F 1 α/β) and tubulin served to estimate the efficiency of separating mitochondrial and cytosolic proteins, respectively. (B) HeLa cells were cotransfected twice with smISCA1-GFP, smISCA2-GFP, or cIBA57-GFP, together with mitochondria-targeted Discosoma sp. red protein (dsRedMito). Images of living cells were acquired by confocal microscopy.
smISCA1 was slightly lower than that of the endogenous protein, whereas smISCA2 and cIBA57 levels exceeded native levels of ISCA2 and IBA57, respectively. All plasmid-expressed proteins were exclusively localized to mitochondria, and no mature-sized products were detectable in the postmitochondrial supernatants ( Figure 3) . As already mentioned, we observed a weak band possibly corresponding to an unprocessed form of ISCA2 ( Figure 3B , lane 11). To allow the investigation of the role of potentially cytosol-localized ISCA1 and ISCA2 by a functional complementation approach, we further transfected RNAi-treated HeLa cells with plasmids psmISCA1 ΔMLS and psmISCA2
ΔMLS
, which led to overexpression of these proteins without their mitochondrial localization sequences. Successful production of the respective mRNAs was confirmed by quantitative real-time PCR (Supplemental Figure S1, A and B) . In contrast to previously reported results (Song et al., 2009) , deletion of the mitochondrial presequence of ISCA1 did not yield any detectable protein in either the postmitochondrial supernatant or the mitochondria, even when the cells were immediately trichloroacetic acid precipitated after harvesting ( Figure 3A ). This was also the case for truncated ISCA2. We speculate that these proteins are nonfunctional in the cytosol and thus may be efficiently degraded. This expectation was confirmed by inhibiting the proteasome with MG132 during growth of HeLa cells expressing the cytosolic versions of the ISCA proteins. Under these conditions, significant amounts of both ISCA proteins were detectable in the cell lysates ( Figure 3D ). The proteasomal degradation of the ISCA proteins in the cytosol argues against their function in this compartment.
Following ISCA1 or ISCA2 depletion, we observed an acidification of the cell culture media, likely indicating a defect in respiratory function ( Figure 4A ; Sheftel et al., 2009 ). This was accompanied by a gross alteration in intracellular morphology manifested as large, vacuolar structures, giving the cells a spongiform appearance ( Figure 4B ). Because these structures seemed to resemble lipid droplets, we attempted to stain them with Sudan dyes (Lison and Dagnelie, 1935; Jones, 2008) . No positive staining resulted in these experiments (unpublished data). We therefore examined the cells using transmission electron microscopy (EM). The ultrastructural analysis revealed that the large inclusions represented severely enlarged mitochondria (some measuring >5 μm in diameter; Figure  4C ). No medium acidification and no gross microscopic alterations were observed for the IBA57-depleted cells; however, the EM analysis nonetheless revealed mitochondria that were generally deficient in cristae membranes ( Figure 4C ). This comparatively modest phenotype is consistent with the weaker depletion of IBA57 and with the less severe metabolic defects in the IBA57-deficient cells (see later discussion). Of importance, the ultrastructural alterations could be fully reversed by expression of a plasmid-encoded, RNAiresistant ISCA or IBA57 protein, demonstrating the specificity of these effects. Together these data suggest that the ISCA and IBA57 proteins are required for the maintenance of normal mitochondrial morphology, especially for the formation of cristae membranes.
ISCA and IBA57 protein depletion decreases mitochondrial Fe/S protein levels and enzyme activities
Defects in cristae membranes are characteristic for respiration-compromised mitochondria. Hence it seemed likely that the depletion of ISCA and IBA57 proteins elicited functional defects in cellular respiration. In human cells, the apoprotein levels of many Fe/S proteins are diminished when cells are unable to generate Fe/S clusters. These changes are detectable by immunoblotting. Therefore we examined the amounts of several Fe/S proteins after depletion of the ISCA or IBA57 proteins ( Figure 5A ). With the notable exception of 11, later in the paper), indicating a hampered import into mitochondria upon overexpression. We conclude that all three ISC proteins are located in mitochondria.
RNAi-mediated depletion of ISCA and IBA57 proteins results in altered cell metabolism and abnormal mitochondrial ultrastructure
To analyze the physiological consequences of a deficiency in ISCA1, ISCA2, or IBA57, we used RNAi technology. Repeated electroporation-mediated transfection with small interfering RNA (siRNA) duplexes efficiently depleted both ISCA1, ISCA2, and IBA57 mRNAs (Supplemental Figure S1 ) and proteins ( Figure 2 ) relative to control cells, whereas the levels of mitochondrial and cytosolic control proteins remained unchanged. Of interest, depletion of ISCA2-the protein most strongly affected by RNAi treatment in comparison to ISCA1 and IBA57-resulted in a concurrent increase in ISCA1 protein ( Figure 2B ). Similarly, depletion of ISCA1 resulted in an increase of ISCA2 levels, although one that was less pronounced as in the previous case ( Figure 2A ). Compared to ISCA1 and ISCA2, the depletion of IBA57 was relatively weak ( Figure 2C ). Only one of five tested siRNA sequences yielded a substantial depletion of IBA57. Nonetheless, a modest increase in ISCA1 levels was observed in cells depleted of IBA57 ( Figure 2C ).
The depletion of the ISCA and IBA57 proteins allowed us to analyze the physiological and functional consequences of their deficiencies. To control for the specificity of the observed effects, we first generated rescue constructs that express RNAi-resistant versions of the ISCA and IBA57 proteins. In the cases of ISCA1 and ISCA2, silent mutations were introduced into the regions targeted by the various siRNAs to generate the plasmids psmISCA1 and psmISCA2. For IBA57, only one siRNA sequence, whose target resided in an untranslated region of the mRNA, was used. Therefore no mutagenesis was needed to generate the rescue construct pcIBA57. Figure 3 shows the relative expression levels from these constructs in cells (lysate) after three transfections as detected by immunostaining with specific antibodies. The amount of plasmid-expressed FIGURE 2: RNAi depletion of ISCA1, ISCA2, or IBA57 and the effects on the corresponding partner proteins. HeLa cells were transfected with (A) siISCA1, (B) siISCA2, or (C) siIBA57. Cells were harvested after 3 d of growth, and a fraction of the cells was retransfected. This procedure was performed twice. Cell lysates of all three transfection rounds (1-3) and of mock-transfected control cells (CTL) were examined by immunoblotting to compare respective protein levels of ISCA1, ISCA2, and IBA57. Immunostaining against F 1 α/β and tubulin served as loading controls.
tially under deficiency of ISCA1 or ISCA2. The levels of control proteins lacking an Fe/S cluster, such as the α and β subunits of F 1 -ATP synthase, were not altered significantly (Figures 2 and 3 ). The substantial decrease of cytochrome c oxidase-2 (COX-2) of COX lacking Fe/S clusters cannot easily be explained, but a COX defect is also seen in Isa-depleted yeast cells (Mühlenhoff et al., 2011) . This effect may well be a pleiotropic consequence of the specific loss of respiratory complexes I and II. The protein mAco, which was not as strongly diminished after ISCA depletion as other Fe/S proteins, was not affected by transfection with siRNA against IBA57. This may be attributed to the relatively inefficient depletion of IBA57 ( Figure 2C ). It is worthy to note that depletion of ISCA2 was stronger than that of ISCA1, which is congruent with the lower levels of mAco observed in ISCA2 siRNAtreated cells. The rescue constructs completely or at least partially restored the amounts of all proteins seen to decrease under depletion conditions, validating the specificity of the RNAi treatment and showing a functional complementation by the respective plasmid-encoded ISC proteins.
In addition to the measurement of Fe/S protein levels, the activity of the mitochondrial enzyme lipoic acid synthase can directly be followed by analyzing the levels of protein-bound lipoic acid by immunoblotting with an antibody that specifically recognizes this cofactor (Onder et al., 2006; Gelling et al., 2008) . Human cells possess four lipoic acid-dependent enzymes, which are all localized in mitochondria: the E2 components of pyruvate dehydrogenase complex (DLAT; ∼70 kDa), 2-oxo-glutarate dehydrogenase complex (DLST; ∼42 kDa), and branched-chain α-ketoacid dehydrogenase complex (DBT; ∼46 kDa), as well as the H protein of the glycine cleavage system (GCSH; ∼14 kDa). In HeLa cells the antilipoic acid antibodies recognized two distinct bands that corresponded in electrophoretic mobility to PDH-E2 and KDH-E2 ( Figure 5A ). Depletion of ISCA1, ISCA2, or IBA57 resulted in strongly decreased detection of these bands, indicating a lower content in lipoic acid. Again, expression of the respective ISC proteins from the rescue plasmids restored the amount of lipoic acid-modified enzymes to normal. Together these results show that ISCA-and IBA57-depleted cells contain lower levels of mitochondrial Fe/S proteins, suggesting that these cells show a defect in the biogenesis of the Fe/S cofactor.
To further investigate the effects of ISCA or IBA57 depletion, we measured the enzyme activities of several other Fe/S proteins and ferrochelatase (FC; see later discussion) all tested mitochondrial Fe/S proteins (mitochondrial aconitase [mAco] , SDH, several proteins of complex I, and Rieske Fe/S protein) were decreased substan-FIGURE 3: Complementing proteins smISCA1, smISCA2 and cIBA57 functionally localize to mitochondria. HeLa cells were transfected three times as in Figure 2 with specific siRNAs as indicated. Cells were harvested 3 d after the third transfection and fractionated by digitonin treatment as in Figure 1 . Cell extracts were analyzed by immunoblotting for the indicated proteins using F 1 α/β ATP synthase and tubulin as loading controls. Additional samples were cotransfected with the indicated siRNAs plus a vector encoding the corresponding ISC proteins for complementation testing (+smISCA1, +smISCA2, and +cIBA57). In the cases of ISCA1 (A) and ISCA2 (B) these vectors were resistant to RNAi due to silent mutations (sm). Cells were also cotransfected with smISCA1 or smISCA2 vectors lacking the coding information for the mitochondrial localization sequences (ΔMLS). In the case of IBA57 (C) no mutagenesis was necessary to create complementing IBA57 (cIBA57) since the used siRNA bound at the 3′ untranslated region. (D) HeLa cells were transfected with vectors smISCA1ΔMLS and smISCA2ΔMLS, respectively, and 48 h after transfection, a subset of cells was grown in the presence of 5 or 10 μM of the proteasome inhibitor MG132 for 16 h. Harvested cells were lysed, and cell extracts were subjected to immunostaining. preISCA2, putative precursor form of ISCA2.
ting data, IBA57 deficiency did not affect mAco activity but significantly decreased SDH activity. We further estimated the enzymatic function of complex I (NADH-CoQ dehydrogenase) using in-gel activity measurements. Complex I activity was severely affected by ISCA1 or ISCA2 deficiency ( Figure 5C ). IBA57 depletion also decreased complex I activity but to a lesser degree. Taken together, these data clearly document a specific defect in mitochondrial Fe/S proteins after depletion of the ISCA and IBA57 proteins.
In contrast to all other Fe/S enzymes analyzed here previously, we detected no change in FC protein levels under limiting ISCA or IBA57 concentrations ( Figure 5A ). We therefore directly measured the FC catalytic activity by incubating cell pellets with deuteroporphyrin and 55 Fe in the presence of ascorbate followed by organic extraction of heme (Lange et al., 1999; Song et al., 2009) . FC activity was not compromised when the ISCA or IBA57 proteins were depleted ( Figure 5D ). As a control, depletion of Fdx2, which was previously shown to elicit a decrease in FC protein amount (Sheftel et al., 2010b) , reduced FC activity to ∼30% of mock-transfected cells. Consistent with these in vitro data, total heme levels of HeLa cells did not change in ISCA-and IBA57-depleted cells ( Figure 5E ). On treatment with succinylacetone, an inhibitor of heme biosynthesis, a fourfold lower heme content was found. These data unambiguously show that the ISCA and IBA57 proteins are not required for FC function in heme synthesis, suggesting normal maturation of its [2Fe-2S] cluster. In contrast, the ISC component Fdx2, which functions in early stages of Fe/S protein biogenesis and thus is required for maturation of all cellular Fe/S proteins, is also essential for maturation of this [2Fe-2S] protein. Our data are therefore compatible with the idea that the ISCAs and IBA57 proteins act later in the ISC assembly pathway and may specifically function in [4Fe-4S] protein maturation.
A role of the ISCA and IBA57 proteins for Fe/S protein maturation in the cytosol?
Previous studies identified (overproduced) ISCA1 in the cytosol and consequently assigned a role to the protein in the maturation of cytosolic IRP1 and xanthine oxidase Fe/S proteins (Song et al., 2009 ). Because we did not detect ISCA and IBA57 proteins in this compartment under physiological conditions (see earlier discussion), we examined the effect of depletion of these proteins on the maturation of cytosolic Fe/S proteins. The protein levels of dihydropyrimidine dehydrogenase (DPYD; Schnackerz et al., 2004) and glutamate phosphoribosylpyrophosphate amidotransferase (GPAT; Martelli et al., 2007; Sheftel et al., 2010b) are indicative of the amounts of Fe/S clusters non-Fe/S control proteins. Both ISCA1 and ISCA2 depletion significantly diminished the activities of mAco and SDH ( Figure 5B ). The activity of mitochondrial citrate synthase did not change appreciably and was used to normalize the data for mAco and SDH. It is somewhat surprising that there was also a marked decrease in COX activity, even though this enzyme does not contain any Fe/S cluster. All these activities were restored upon cotransfection with complementing psmISCA plasmids (comp), but no effect was obtained with the cytosol-targeted versions (ΔMLS). Consistent with the immunoblot- associated with these proteins. DPYD and GPAT levels were not significantly altered by any of the RNAi treatments for ISCA and IBA57 protein depletion, in contrast to the severe effect upon depletion of NBP35 or ISCU ( Figure 6A and Supplemental Figure  2) . Similarly, no significant decrease of cytosolic IRP1 protein levels was observed. A clear (twofold to threefold) decrease in cytosolic aconitase activity (cAco; normalized to lactate dehydrogenase) was detected when cells were treated with siRNA against ISCA1 or ISCA2 but not IBA57 ( Figure 5B ). To examine whether this diminished activity could Fe-heme formation was normalized to that of mocktreated control cells (CTL), and three data sets were averaged. The analysis includes cells RNAi depleted for human ferredoxin 2 (siFDX2; Sheftel et al., 2010b) . (E) To measure the total heme content after three rounds of transfection, cell pellets were dissolved in 2 M oxalic acid and boiled for 30 min, which releases iron from heme, thus generating fluorescent protoporphyrin IX (Morrison, 1965; Ward et al., 1984) . As a control, HeLa cells were treated with 0.1 mM of the heme biosynthesis inhibitor succinyl acetone (SA) and harvested after 3 d. Fluorescence emission was determined and normalized to that of control cells. Three independent data sets were averaged. Error bars represent SDs.
Effect of ISCA and IBA57 protein depletion on key proteins of iron homeostasis
The activation of the IRE-binding activity of IRP1 upon ISCA and IBA57 protein depletion suggested consequences on proteins of cellular iron metabolism. Transferrin receptor (TfR), the gateway for iron import into most cells, harbors IRE stem loops in its mRNA's 3′ untranslated region (UTR), endowing its mRNA greater stability upon IRP binding. On the contrary, an IRE present in the 5′UTR of ferritin (Ft) mRNA blocks translation of the protein under elevated IRP activity, allowing reciprocal regulation of Ft, which fits to Ft's function as an iron-storage protein. As expected, ISCA protein-deficient cells, with their greater IRP1 activity, have increased TfR and decreased Ft levels ( Figure 6A ). Likely due to the limited depletion efficiency, IBA57-deficient cells showed only weak effects on TfR and Ft levels. We therefore conclude that ISCA and IBA57 depletion results in detectable effects on cAco/IRP1 maturation, which, in turn, leads to a dysregulation of two key proteins of cellular iron metabolism. Finally, we analyzed the levels of IRP2 upon ISCA or IBA57 depletion. The amount of IRP2 slightly decreased, yet only under ISCA2 deficiency ( Figure 6A ). This decrease is likely a consequence of the increased cellular iron uptake due to higher transferrin receptor levels. Of note, this result was opposite to what is seen for depletion of ISC assembly proteins, which severely affects cytosolic Fe/S protein biogenesis (such as FDX2; see, e.g., Sheftel et al., 2010b) .
DISCUSSION
Our study presents the identification and functional characterization of important members of the mitochondrial ISC assembly machinery termed ISCA1, ISCA2, and IBA57. We show that these proteins are localized and functional inside mitochondria and represent important components for mitochondrial biogenesis. Their depletion in cell culture caused striking alterations in mitochondrial morphology, including a vast enlargement of the organelles and a loss of cristae membranes. Such a phenotype has been previously observed in cases of mitochondrial DNA (mtDNA) mutations (Nass, 1984; Chang et al., 2004; Gdynia et al., 2010) . This eye-catching effect is explained by a molecular function of these proteins in the maturation of several mitochondrial Fe/S proteins carrying a [4Fe-4S] cluster, including complexes I and II of the respiratory chain. The functional defect of these complexes and of aconitase usually contributes to the loss of cristae membranes and of mtDNA (Stevens, 1981; Chen et al., 2005) . We previously documented similar yet distinct morphological changes of cells depleted of the core ISC assembly machinery components Nfs1, ferredoxin 2, or the complex I-specific Fe/S maturation factor Ind1 (Biederbick et al., 2006; Sheftel et al., 2009 Sheftel et al., , 2010b . The biogenesis of the [2Fe-2S] protein ferrochelatase, on the other hand, occurred independent of the ISCA and IBA57-depleted proteins, and the heme content was unchanged, excluding a role of be rescued by overexpressing ISCA1 or ISCA2 in the cytosol, we cotransfected the cells with the corresponding ΔMLS rescue plasmids lacking the coding information for their mitochondrial presequence. The cytosolic versions of these ISC assembly proteins were unable to restore cAco activity, whereas the full-length ISCA proteins almost fully reverted the cAco activity back to control levels.
When cAco loses its Fe/S cluster, the protein assumes a conformation that confers a high affinity for mRNA stem-loop structures known as iron-responsive elements (IREs; Rouault, 2006; Wallander et al., 2006) . Referred to as "IRP1 activity," the amount of IRP1-bound IRE in this state can be estimated by conducting electrophoretic mobility shift assays (EMSAs) using radiolabeled IRE-containing mRNA as a probe. As depicted in Figure 6B , ISCA1, ISCA2, or IBA57 depletion resulted in an increase in IRP1-IRE binding activity that was complemented by overexpression of the respective RNAi-resistant ISC genes from the rescue constructs. Treatment of the lysates with 2% β-mercaptoethanol allowed visualization of the total amount of IRP1 present. Consistent with the immunoblots, no changes in total IRP1 protein levels were observed. Thus the EMSA measurements fully corroborated the observations made for the enzyme activities of IRP1. Taken together, the analyses of three different cytosolic Fe/S proteins demonstrate differential effects of the ISCA and IBA57 protein deficiencies. On the one hand, the normal levels of DPYD and GPAT suggest no general function of these mitochondrial ISC proteins in cytosolic Fe/S protein maturation. On the other hand, there is a clear decrease in mature cAco upon their depletion. Figure 5A . (A) Cell lysates of the third transfection were examined by immunoblotting using the indicated antibodies. Tubulin served as a loading control. (B) Cell lysates from A were analyzed for IRP1-binding activity to the iron-responsive element of ferritin mRNA by electrophoretic mobility shift assay. Because IRP1 and IRP2 possess the same running behavior, anti-IRP2 antibodies were used to supershift the corresponding protein. Treatment with 2% β-mercaptoethanol (β-ME) was used to reveal the maximal IRP1-binding capacity.
the Fe/S protein maturation of complex I-also elicited a modest, likely indirect decrease in cytosolic aconitase activity .
Depletion of ISCA and IBA57 proteins in HeLa cells affects the citric acid cycle in four different enzymes: the two Fe/S proteins aconitase and succinate dehydrogenase and the lipoic acid-dependent enzymes pyruvate dehydrogenase and α-ketoglutarate dehydrogenase. The functional defect of these enzymes was proposed to decrease the efficiency of the citric acid cycle and in turn to diminish the level of succinyl-CoA, a precursor of porphyrins and heme (Ye and Rouault, 2010a) . It therefore was surprising that HeLa cells depleted in these three ISC proteins contain a normal amount of heme. What might be the explanation for this observation? As mentioned, heme synthesis catalyzed by the [2Fe-2S] protein ferrochelatase appears to be unaffected in these deficiencies. Moreover, it is evident that the net production of succinyl-CoA in the ISC protein-depleted situation must occur independent of a functional citric acid cycle and instead is maintained by other biosynthetic reactions. Several such pathways are known (Lehninger et al., 2008) . First, succinyl-CoA can be synthesized from the branched-chain amino acids isoleucine and valine. However, this requires the activity of branched-chain ketoacid dehydrogenase, another mitochondrial lipoic acid-dependent enzyme, which therefore should also be inefficient. A second possibility is the conversion of propionyl-CoA derived from either methionine or odd-numbered fatty acids to succinyl-CoA via methyl-malonylCoA. This sequence of reactions is independent of the citric acid cycle and hence may produce enough succinyl-CoA to satisfy the requirement for normal heme biosynthesis.
We observed a puzzling decrease in COX activity and protein (COX-2) under ISCA-and IBA57-depletion conditions in both human and yeast cells (Mühlenhoff et al., 2011) despite the fact that COX does not contain Fe/S clusters. As discussed earlier, this effect is not caused by a compromised heme biosynthesis (see also Long et al., 2011) . Similarly, it is unlikely to be the result of an impaired heme A production, since this reaction depends on the [2Fe-2S] ferredoxin Yah1, which is unaffected in its maturation in Isa-Iba57-deficient yeast cells and possibly in respective human cells (Sheftel et al., 2010b; Mühlenhoff et al., 2011) . A reasonable explanation for the cytochrome c oxidase deficiency may therefore be the overall failure of ISCA-and IBA57-deficient cells to assemble respiratory complexes I and II and their supercomplexes, consequently eliciting a pleiotropic effect on other members of the electron transfer chain. This interpretation may also explain the decrease of the [2Fe-2S]-carrying Rieske Fe/S protein of complex III. In Isa-depleted yeast cells the [2Fe-2S] cluster can still be inserted at wild-type efficiency in the matrix, excluding a direct function of the Isa proteins in [2Fe-2S] cluster insertion into this protein (Mühlenhoff et al., 2011) . This may be similar in human cells, and yet complex III assembly fails due to the defects in complexes I and II. In striking contrast to ISCA-IBA57 deficiency, RNAi depletion of Ind1 caused a potent decrease in complex I activity and protein without affecting COX function . Although this reemphasizes the specificity of Ind1 for complex I assembly, we cannot exclude the possibility that other, yet-to-be-identified [4Fe-4S] proteins are involved in a more direct manner in COX maturation.
In summary, our study characterizes ISCA1, ISCA2, and IBA57 proteins as crucial components of the mitochondrial ISC assembly machinery. Our present work and a recent investigation in yeast (Mühlenhoff et al., 2011) show that these proteins are specifically required for the generation of [4Fe-4S] clusters and their dedicated insertion into mitochondrial apoproteins. Potential diseases arising from mutations in these genes are expected to elicit defects in these proteins in heme synthesis. Hence we propose that the ISCA and IBA57 proteins play a dedicated role in the biogenesis of [4Fe-4S] clusters and/or their insertion into apoproteins and not in heme synthesis. Recent studies provide compelling evidence for an essential requirement of bacterial and yeast relatives of human ISCA1, ISCA2, and IBA57 for efficient maturation of [4Fe-4S] proteins (Tan et al., 2009; Mühlenhoff et al., 2011) . We therefore conclude that the dedicated function of the Isa and Iba57 proteins is conserved from bacteria to human. Nevertheless, there are characteristic differences between the various A-type ISC proteins in the different organisms, showing that the specificity of these proteins for their Fe/S protein targets may vary. For instance, Isa2/ISCA2, which can clearly be distinguished in its primary sequence from Isa1/ISCA1 and is unique for eukaryotes, cannot be replaced by bacterial A-type ISC proteins, in contrast to Isa1/ISCA1 (Mühlenhoff et al., 2011) . Bacterial ErpA is highly specific for the maturation of [4Fe-4S] proteins in isoprene biosynthesis, whereas IscA and SufA have a broader target spectrum (Loiseau et al., 2007) .
Little has been known about human ISCA1 and ISCA2 or their mutual partner protein IBA57 (Gelling et al., 2008) . Inspired by the results of a high-throughput screen, a recent study found a small proportion of cellular ISCA1 in a cytosolic fraction. From these results a role of ISCA1 in cytosolic Fe/S protein maturation was proposed (Song et al., 2009) , and yet a lysis of mitochondria during cell fractionation was not excluded. Similar to the results in our report, Song et al. (2009) observed a decrease in both mitochondrial and cytosolic aconitase activity in cells depleted of ISCA1. However, we were unable to rescue cytosolic aconitase activity in ISCA-deficient cells by overexpressing the respective ISCA proteins in the cytosol. Moreover, despite a strong depletion of ISCA1 (or ISCA2) in HeLa cells, our experiments failed to elicit appreciable decreases in the extramitochondrial [4Fe-4S] proteins GPAT and DPYD. Both proteins are highly sensitive tools for measuring Fe/S protein biogenesis, and their protein levels are strongly compromised under all instances of core mitochondrial or cytosolic Fe/S protein biogenesis deficiency (Stehling et al., 2004 (Stehling et al., , 2008 Martelli et al., 2007; Sheftel et al., 2010b) . Furthermore, Song et al. (2009) demonstrate that the acute recovery rate of cAco activity, following peroxide treatment, is unaffected by ISCA1 depletion, suggesting that the cytosolic repair of reactive oxygen species (ROS)-damaged cAco does not require a cytosolic ISCA1 isoform. Finally and most convincing, we were able to detect overproduced ISCA1 or ISCA2 in the cytosol of HeLa cells, but only when proteasomal activity was compromised by the inhibitor MG132. These experiments show that the ISCA proteins became synthesized in the cytosol and yet were efficiently degraded in this compartment. We therefore reason that these proteins are not located outside mitochondria, and we propose that the effect on IRP1 activity upon ISCA protein depletion might be an indirect phenotype.
The conclusion that ISCA and IBA57 proteins are not directly involved in the maturation of extramitochondrial Fe/S proteins is supported by recent findings in yeast and trypanosomes (Long et al., 2011; Mühlenhoff et al., 2011) . In yeast, growth conditions were observed that lead to defects in cytosolic Fe/S proteins (Kaut et al., 2000; Pelzer et al., 2000) . How can these effects be explained? Isa/ ISCA depletion elicits a potent inhibition of several complexes of the mitochondrial electron transport chain. Such a condition is expected to increase the levels of ROS in the cells (Herrero et al., 2008) , which are known to particularly destabilize labile Fe/S clusters, for instance, that of aconitase or yeast Leu1 (Brazzolotto et al., 1999; Pantopoulos, 2004; Mühlenhoff et al., 2011) . Consistent with this notion, depletion of human Ind1-an assembly factor specifically required for mitochondrial respiration and in lipoic acid-dependent proteins (Cameron et al., 2011; Navarro-Sastre et al., 2011) .
MATERIALS AND METHODS Materials
siRNAs were purchased from Applied Biosystems (Foster City, CA; sequences are in Supplemental Table S1 ). For all assays performed, two separate scrambled siRNAs resulted in identical effects as mock transfections, which served as controls in all experiments. Polyclonal antibodies were raised in rabbits using purified proteins produced in E. coli. The remaining antibodies used were against F 1 α/β, Rieske, COX-2 (H. Schägger and I. Wittig), TfR (Zymed, San Francisco, CA), Ft (ICN Biomedical, Irvine, CA), tubulin (clone DM1α; Sigma-Aldrich, St. Louis, MO), SDH, NDUFS3, NDUFA9, NDUFB4, and NDUFA13 (MitoSciences, Eugene, OR), lipoic acid (Calbiochem, La Jolla, CA), DPYD (Santa Cruz Biotechnology, Santa Cruz, CA), IRP2 and IRP1 (R. Eisenstein), GPAT (H. Puccio), mAco (L. Szweda), and ferrochelatase (T. and H. A. Dailey). Cell culture reagents were purchased from PAA Laboratories (Pasching, Austria). All other reagents were purchased from Carl Roth (Karlsruhe, Germany) unless specified otherwise. HeLa cells were grown in DMEM containing 4.5 g/l glucose and supplemented with 8% fetal calf serum, 1 mM glutamine, and 1% penicillin-streptomycin.
Plasmids
All oligonucleotides used, including siRNA sequences, are provided in Supplemental Table S1 . Human cDNA clones for ISCA1, ISCA2 (imaGenes, Source BioScience LifeScience, Nottingham, United Kingdom), and IBA57 (Invitrogen, Carlsbad, CA) were purchased. The IBA57 clone was missing the first three codons, which were added by PCR amplification during subcloning. For recombinant expression, PCR amplification was used to clone the genes without their predicted mitochondrial targeting sequences into pETDuet-1 (Novagen, EMD4Biosciences, Gibbstown, NJ), which incorporates a hexahistidine tag. C43 (DE3) E. coli already harboring a plasmid encoding the GroES-GroEL chaperone system (plasmid kindly supplied by M. Hayer-Hartl, Martinsried, Germany) were used for recombinant expression. The proteins were purified using a nickel-nitrilotriacetic acid column and, if necessary, contaminating chaperone proteins were removed by size-exclusion chromatography. For rescue experiments using ISCA1 and IBA57, both full-length cDNAs (plasmids pISCA1-GFP and pIBA57-GFP) and clones with the stop codon removed (pISCA1 and pIBA57) were cloned into pEGFP-N3 (Clontech, Mountain View, CA). Because the siRNA sequence used for IBA57 targeted the 3′ untranslated region, no mutagenesis was required to generate a rescue construct (pcIBA57). For ISCA1 (psmISCA1), mutagenesis was performed in those coding regions targeted by the siRNA to introduce silent changes in the gene sequence according to described methods (Zheng et al., 2004) . To generate the ISCA2 rescue mutant (psmISCA2; Supplemental Table S1), the gene was ordered from GenScript (Piscataway, NJ) and subcloned into pEGFP-N2. For all rescue constructs, versions without a stop codon before the EGFP tag were also generated (psmISCA1-GPF, psmISCA2-GFP, pcIBA57-GFP). pDsRed2-Mito was from Clontech.
Miscellaneous procedures
Previously described methods were used for fractionating HeLa cells using digitonin, carrying out electroporation transfection, assaying the activities of mitochondrial and cytosolic aconitase, complex I, SDH, COX, citrate synthase, and LDH, and determining IRP-binding
